Objective: The purpose of this study is to measure abdominal wall myopathic histologic and mechanical changes during incisional herniation and its effect on incisional hernia repairs. Summary Background Data: Unloaded skeletal muscles undergo characteristic atrophic changes, including change in fiber type composition, decreased cross-sectional area, and pathologic fibrosis. We hypothesize that these atrophic changes decrease muscle elastic properties and may contribute to the high laparotomy wound failure rate observed following incisional hernia repair. Methods: A rat model of chronic incisional hernia formation was used. Failing midline laparotomy incisions developed into incisional hernias. Controls were uninjured and sham laparotomy (healed) groups. Internal oblique muscles were harvested for fiber typing, measurement of cross-sectional area, collagen deposition, and mechanical analysis. Mesh hernia repairs were performed on a second group of rats with chronic incisional hernias or acute anterior abdominal wall myofascial defects. Results: The hernia group developed lateral abdominal wall shortening and oblique muscle atrophy. This was associated with a change in the distribution of oblique muscle fiber types, decreased cross-sectional area, and pathologic fibrosis consistent with myopathic disuse atrophy. These muscles exhibited significant decreased extensibility and increased stiffness. The healed (sham) laparotomy group expressed an intermediate phenotype between the uninjured and hernia groups. Recurrent hernia formation was most frequent in the chronic hernia model, and hernia repairs mechanically disrupted at a lower force compared with nonherniated abdominal walls. Conclusions: The internal oblique muscles of the abdominal wall express a pattern of changes consistent with those seen in chronically unloaded skeletal muscles. The internal oblique muscles become fibrotic during herniation, reducing abdominal wall compli-ance and increasing the transfer of load forces to the midline wound at the time of hernia repair.
I ncisional hernia formation is one of the most common complications after laparotomy. 1 Prospective studies report that 11% of all midline abdominal wall closures will fail to completely heal and form incisional hernias. [2] [3] [4] Approximately 200,000 incisional hernia repairs are performed each year in the United States, 5 making incisional hernia formation the most common indication for reoperation following abdominal operations. Randomized controlled trials find an alarmingly high hernia recurrence rate following mesh (24%) and suture (43%) repairs. 6, 7 It is suggested that the introduction of mesh implants has not reduced the incidence of recurrent incisional hernia formation but only increased the interval of time until the recurrence is detected. 8 Incisional hernia formation requires laparotomy wound failure, and the mechanism of laparotomy wound failure is multifactorial. Limited studies focus on wound collagen deposition and the local wound healing environment. 9 The abdominal wall is, however, a muscular structure under a dynamic equilibrium of load forces that are disturbed following laparotomy and during incisional hernia formation. When a midline incisional hernia develops, the normal force across the composite myofascial structure is lost, functionally resulting in passive unloading of the lateral abdominal wall. Although the adjacent rectus muscles maintain their origin and insertion, the insertion of lateral oblique muscles is lost following midline laparotomy and incisional hernia formation. The linea alba of the abdominal wall is anatomically a tendon that, when severed, should induce pathologic abdominal wall muscle changes similar to those observed in the soleus and gastrocnemius muscles when the Achilles tendon is divided.
Studies of rodent hind limb unloading, 10 spaceflight travel, 11 and tenotomy 12 all document profound changes in the phenotype of the affected muscles. Specifically, the unloaded muscles develop a disuse atrophy characterized by a change in fiber composition, a decrease in fiber cross-sectional area, and a pathologic deposition of intramuscular collagen. 10 -12 The purpose of this study was to measure abdominal wall myopathic histologic and mechanical changes during incisional herniation. We tested the hypothesis that midline abdominal wall incisional hernia formation unloads the abdominal wall oblique muscles, resulting in disuse atrophy that reduces abdominal wall compliance and significantly impairs the fidelity of incisional hernia repair.
MATERIALS AND METHODS

Incisional Hernia Model
An established animal model of incisional hernias was used. 13, 14 Male Sprague-Dawley rats (Harlan Inc., Indianapolis, IN) weighing 250 to 300 g were acclimated and housed under standard conditions. All animal care and operative procedures were performed in accordance with the United States Public Health Service Guide for the Care of Laboratory Animals (NIH Publication No. 85-23, 1985) and were performed with the prior approval of the Ann Arbor Veterans Affairs Medical Center Institutional Animal Care and Use Committee. Briefly, a 6 ϫ 3 cm ventral full-thickness skin flap was raised through the avascular prefascial plane, and a 5-cm full-thickness laparotomy incision was made through the linea alba. The skin flap was replaced and closed with an absorbable suture. Two control groups were used: an uninjured (normal) abdominal wall group (n ϭ 7) and a healed laparotomy (sham) group (n ϭ 7). In the uninjured abdominal wall control group, a skin flap was raised and closed without laparotomy. In the sham group, the skin flap was raised, and a 5-cm laparotomy incision was made and closed with a running, permanent, 4-0 Prolene suture. The hernia group developed large midline abdominal wall defects ( Fig. 1) .
After 35 days, the rats were killed and weighed. The skin was dissected free circumferentially and the hernia defects were measured for craniocaudal length and transverse width. Abdominal wall width was measured at the level of the umbilical process and defined as the distance between the posterior spinous process and the linea alba (control group), midline laparotomy wound (sham group), or edge of hernia ring (hernia group). The external oblique and rectus muscles (EOM and RM) were then dissected free from the internal abdominal wall. The interoblique plane was developed by dissecting between the ribs and the cephalad abdominal wall overlying the ribs. The internal oblique muscle (IOM) inserts onto the costal margins whereas the EOM inserts onto the anterior surface of ribs 4 to 12. This plane is then developed medially and is continuous with the posterior rectus sheath, the paraspinous muscles, the pubis bone, and the inguinal ligament (Fig. 2) .
The IOM and transverse abdominis muscle (TM) bilayer was cut parallel to the length of the IOM fibers into strips approximately 12-mm wide, frozen in isopentane at Ϫ160°C and stored at Ϫ70°C for subsequent histologic treatment. The left IOM sheet was dissected free and trimmed to a rectangular sheet measuring 30 mm in length (craniocaudally) and 20 mm in width (transversely). This rectangular sheet was weighed and then trisected into 10 ϫ 20 mm strips for tensiometric analysis (Fig. 3 ). Additional IOM biopsies (2 ϫ 2 mm) were snap frozen in liquid nitrogen for biochemical analysis.
Histochemistry
Frozen muscle samples were sectioned (12-m thick) in a cryostat (Microm GmbH, HM 500, Walldorf, Germany) at Ϫ28°C. The fiber architecture of the IOM is nonspanning 15 ; therefore, for uniformity, cross sections were cut in the same location for each sample and evaluated at ϫ100 magnification. The IOM transverse sections were stained with hematoxylin and eosin by the Mayer method. 16, 17 Additional muscle sections were incubated for the presence of calcium activated myosin-type adenosine triphosphatase (mATPase) (E.C.3.6.1.3) activity, as described. 18 A representative sample of IOM fibers (at least 250 fibers from each muscle) were classified as type I, type IIA, or type IIB based on the mATPase activity scheme. [17] [18] [19] [20] Muscle fiber crosssectional area was quantified using planimetry software (Bio- Quant-R&M Biometrics, Inc., Nashville, TN). At least 50 IOM fibers of each fiber type were quantified for each muscle section. Muscle sections were also stained for collagen content using a modified Gomori trichrome histochemical staining procedure. 21
Tensiometric Analysis
Mechanical testing of abdominal wall strips was performed within 6 hours of necropsy. Sample width and thickness were measured with Digimatic calipers (Mitutoyo American Corp., Chicago, IL). Force extension curves were generated using an Instron Tensiometer (model 5542, Instron Corporation, Canton, MA) equipped with a 50 Newton (N) static load cell set at a crosshead speed of 10 mm per minute. Samples were mounted into the load frame using pneumatic graspers, preloaded to 0.1 N, and the gauge length measured between the grips. The load frame applied tensile loads to the IOM strips perpendicular to the normal linea alba (control group), midline laparotomy wound (sham group), or hernia defect (hernia group) until mechanical tissue disruption occurred. Data analysis was performed using the Merlin materials testing software package (Instron Corporation).
Data from the stretch loading were used to determine the following clinically important biomechanical properties: breaking strength, the maximum load force (F max ) at mechanical failure (N); tensile strength, the maximum stress developed in the specimen per unit area, calculated as F max /crosssectional area (N/mm 2 ); toughness, the energy absorbed by the specimen under tension, calculated as the entire area under the force-extension curve from the origin to mechanical rupture (Joules); elongation, the increase in length of the tissue under a load, defined as the length of the specimen at mechanical disruption minus the original length (mm); and stiffness, the slope of the linear elastic region of the forceextension curve (N/mm).
Collagen Assay
Tissue collagen levels were measured using the Sircol collagen assay method as described by the manufacturer (Accurate Chemical and Scientific Corp., Westbury, NY).
Results were standardized to total muscle protein and recorded as percentage of collagen/total protein.
Incisional Hernia Repair Model
A second group of rats underwent abdominal wall repair (n ϭ 32). Sixteen animals (n ϭ 16) first developed incisional hernias for 35 days, as described above (herniarepair group). In the control-repair group (n ϭ 16), normal abdominal walls were tested. Full-thickness, myofascial defects created in the control-repair group animals were the same dimensions as the incisional hernia defects that developed in the hernia-repair group. All abdominal wall defects in both groups were repaired with PROLITE polypropylene mesh (Atrium Medical Corporation, Norwalk, CT). The mesh was fashioned to the shape of the abdominal wall defect allowing for a 3-to 4-mm underlay. The mesh was sutured to the peritoneal surface of the abdominal wall muscles (underlay) using transmuscular, 5-0 Prolene sutures spaced 1 cm apart. The skin flap was then replaced and sutured closed with a running 4-0 Vicryl suture.
Animals were killed 28 days following hernia-repair or control-repair with an overdose of Nembutal (100 mg/kg i.p.). The entire ventral abdominal wall was excised, and the skin was separated from the musculofascial layer. The wound healing interface was closely examined for evidence of recurrent incisional hernia formation, defined as a wound-mesh defect greater than 2 mm. Fixation sutures were then removed. Abdominal wall strips in the shape of the uppercase letter "I" were taken perpendicular to the wound healing interface. 14 A cutting template was used to mark the abdominal wall to minimize size variability between specimens. Abdominal wall strips were labeled and stored in phosphatebuffered saline until tensiometric mechanical analysis was performed as described above.
Statistical Analysis
Data were analyzed using SigmaStat software (Jandel Scientific, Corte Madera, CA). Multiple group analysis was performed with ANOVA to determine differences in group characteristics, anatomic measurements, fiber cross-sectional 
RESULTS
Incisional Hernia Model
All rats in the hernia group developed large, abdominal wall defects. The mean hernia size was 49.5 Ϯ 6.2 mm craniocaudal by 34.3 Ϯ 2.6 mm transverse. No rats died during the experiments. All groups gained weight on the average, although the sham (healed) group gained 12.5% less weight (P Ͻ 0.05; Table 1 ). Internal oblique muscle atrophy was grossly evident following sham laparotomy and hernia formation, although hernia formation was associated with more muscle atrophy (P Ͻ 0.05; Table 1 ). The composite lateral abdominal wall retracted significantly following midline incisional hernia formation. The abdominal wall length of the hernia group (spinous process to the edge of the hernia ring) was 20% less than the uninjured group (spinous process to the linea alba) (P Ͻ 0.01; Table 1 ). Interestingly, the abdominal wall length of the sham (healed) group (spinous process to the healed laparotomy wound) was 10% less than the uninjured group.
Nonspecific staining of the IOM fibers (hematoxylin and eosin) showed no significant microscopic differences between groups. Myofibrillar ATPase staining, however, demonstrated a shift in muscle fiber composition in both the sham and hernia groups ( Fig. 4 ; Table 2 ). Uninjured abdominal wall IOM fiber type distribution is a mixture of type I and type II fibers with a 78% to 22% predominance of type II fibers relative to type I fibers. This distribution is similar to that found in the gracilis muscle of the rat and would be commonly known as a red muscle. 22 A healing laparotomy and midline incisional hernia both induced similar changes in There was a significant decrease in the type IIb fibers from 48.5% in the uninjured control group, to 44.5% in the healed group, to 42.5% in the hernia group (P Ͻ 0.05). Cross-sectional analysis of the specific fiber types revealed selective type IIb fiber atrophy in the hernia group (Fig. 4C , Table 3 ). The cross-sectional area of uninjured group IIb fibers compared with hernia group IIb fibers was 3916 Ϯ 1207 m 2 versus 2606 Ϯ 590 m 2 (P Ͻ 0.05). The internal oblique muscles harvested from both the healed and hernia groups demonstrated evidence of pathologic fibrosis compared with the uninjured control group. Trichrome staining revealed excessive collagen deposition in the perimysium (Fig. 5 ). Biochemical analysis suggested a nonsignificant trend toward increasing total muscular colla- Tensiometric analysis was performed on uniform IOM strips with the line of tissue deformation directly perpendicular to the midline abdominal wall (uninjured and sham groups) or the hernia defect (hernia group). Muscle strips were therefore loaded nearly parallel to the course of the muscle fibers and along the known lines of maximal tension of the abdominal wall in situ. Tensiometric measurements found significant differences in IOM mechanical properties between the experimental groups. The greatest force was required to mechanically disrupt IOM in the hernia group (Table 4) . A similar pattern of differences was observed in material toughness, as the hernia group IOM absorbed more energy prior to mechanical disruption. In contrast, the hernia group IOM demonstrated significantly reduced mechanical compliance and elongation, and increased tissue stiffness. The healed sham group again exhibited intermediate measures of elongation and stiffness compared with the hernia and uninjured groups. The fibrotic IOM harvested from the hernia group expressed the greatest ultimate tissue strength but the least mechanical compliance.
Incisional Hernia Repair Model
There was a significant increase in recurrent incisional hernia formation in the hernia-repair group compared with zero recurrences in the control-repair group (6 of 16 vs. 0 of 16, P ϭ 0.02). The wound repair breaking strength was significantly decreased in the hernia repair group compared with the control-repair group (5.7 Ϯ 0.9 vs. 14.2 Ϯ 4.0 N, P Ͻ 0.001).
DISCUSSION
This study demonstrates that the IOM from herniated abdominal walls develop a pattern of changes similar with those seen in mechanically unloaded muscles. 10, 23 Internal oblique muscles in herniated abdominal walls developed pathologic fibrosis, disuse atrophy, and changes in muscle fiber type composition. Histologic staining found that perimysial collagen deposition is a mixture of type I and III collagen. 24 Notably, there are no significant changes in the collagen content of the epimysial layers, which converge in the abdominal wall to form the midline linea alba. This is consistent with a mechanical mechanism remote from the laparotomy wound. Biochemical testing revealed that total IOM collagen content increased approximately 25% in this study, similar to values reported in the literature following extremity muscle unloading in the gastrocnemius (24%), a type II fiber predominant muscle, but less than that reported in the soleus (39%), a type I fiber predominant muscle. The increased collagen protein per total muscle protein is likely a function of both decreased muscle structural proteins and a relative increase in the collagen deposition. 25, 26 Myopathic disuse atrophic changes significantly altered the phenotype of the herniated anterior abdominal wall. The composite abdominal wall retracted more than 20% on each side resulting in a transverse defect that was about one fourth of the animal's abdominal circumference. This large defect developed without the excision of any abdominal wall muscle, suggesting that hernia defects do not enlarge simply by repetitive evisceration of peritoneal contents dilating a fascial defect. Rather, the lateral muscular components of the abdominal wall retract away from the midline fascial defect. The concept of abdominal wall retraction has therapeutic implications: primary, autologous (myofascia to myofascia) sutured hernia repairs will result in excessive wound tension, a potential mechanism for the high recurrence rate reported following this type of repair. 6, 7 Prostheses were then designed to bridge or buttress the fascial gap and facilitate "tension-free" abdominal wall reconstruction. Alloplastic incisional hernia repair resulted in approximately 50% clinical reduction in recurrent incisional hernia formation 6,7 but is associated with increased infection rate, intestinal fistulization, and foreign body reaction. 27 Interestingly, abdominal wall length in the sham laparotomy group was approximately 10% less than that of the uninjured controls, suggesting that abdominal wall shortening occurs following routine laparotomy.
Material testing of the herniated abdominal wall IOM found increased tensile strength and mechanical toughness. In contrast, elastic properties were significantly reduced, similar to that reported in immobilized extremity muscle studies. 28 Muscle stiffness was increased nearly 60% in herniated specimens and extensibility was decreased by 27% compared with uninjured controls. Altered mechanical properties may be due increased collagen content in the atrophied muscles. Increased collagen content has been demonstrated to be associated with increased biomaterial stiffness and reduced elastic properties. 29 Alternatively, the change in the mechanical properties seen in herniated abdominal walls may be a direct manifestation of the individual myofibril atrophic changes. The number of sarcomeres arranged in series is known to decrease in chronically shortened muscles and manifests in decreased muscular compliance. 30 An unexpected finding in this study was that the histologic and mechanical properties associated with a healed midline laparotomy incision exhibit an intermediate phenotype between uninjured controls and herniated specimens, suggesting that the changes observed in hernia specimens are not simply a function of decreased abdominal wall loading. The pathologic changes measured in the lateral abdominal wall appear to be a complex manifestation of biomechanical changes for which load is one variable. Alternatively, it is possible that the pain and decreased mobility associated with a major laparotomy decrease postoperative activity and thus normal abdominal wall loading, which may collectively contribute to the intermediate phenotype observed in the healed group.
This study finds that biomechanical changes in the function of abdominal wall muscles may contribute to the high rate of recurrent incisional hernias following repair. Following midline laparotomy wound failure and unloading of the abdominal wall, the oblique muscles undergo pathologic changes consistent with disuse muscular atrophy resulting in changes in fiber type composition, decreased crosssectional area, and pathologic fibrosis. The disuse atrophic changes alter the material properties of the anterior abdominal wall effectively reducing abdominal wall compliance. Incisional hernia repair in the setting of a noncompliant abdominal wall results in mechanical impedance mismatch that increases the transfer of load forces to the wound healing interface. This manifests in mechanical wound failure at decreased abdominal wall loads and increased recurrent incisional hernia formation. Improved approaches to laparotomy and incisional hernia repair should account for the dynamic equilibrium of load forces across the abdominal wall. Implications exist for the design of new material implants and operative techniques like component separation.
